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Abstract: The Mars Observer projevtwas von. cived by the National Acronautics and Space
Administration inthe early 1980’ sastue firn of a serics of missions that would utilize
commercially available carth orbitul spacorafl adapted for deep space use. The spacecrafl
failed catastrophically on August??. 1 993, th ce davs before reaching Mars. Subsequent
failure investigat ions suggested a oy b of progsrammatic and technical flaws that may, or
may not have contributed 1o the failur ¢ N ASA developed an action Plan that called for
significantprograimmatic and technicalprocess,, hangesto currentand future projects to avoid
additional tragedics like Mars Obsciverahis p per addresses the potentia ] programmatic and
technical flaws in the project, thic les sors lear e 1, andihe changesthat NASA applied to

implement the lessons learned.
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1. MISSION OVERVIEW

‘The Mars Observer project was developed by the Naticual
Acronautics and Space Administration and thelet
I"repulsion | .aboratory in a response tothe cal | of th
planctary scicnce community (o mount a series of 1clativ v
low cost missions with very focused objectives to anunbe
of specific solar system targets.  Mars was chiosen inhe
early 1980's as the target of the firstmissionwlic I g
called Mars Observer. The specific objectives were to stody
M ars’ atmosphere and surface over the duration of atull
Martian year, The spacecrafl carried seveninstrumenteto
support these studies, as Well as a radio relay systeingihe
Mars Balloon Relay) torcturndata from Russianlandcis on
the surface of Mars. The original name of the mission, a
the Mars Geoscience Climatology Orbiter to cinphasize vy
scientific goals of geology, geophysics and elimatolop v,
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‘The spacecraft w as laurichied with a Titan I/ Transfer Orbit
Stage vehicle from Cape Canaveral, Florida, on September
25,1997 Initially, the spacecraft was to have been launched
by the Space Shuttle in 1990, but that plan was scraped as a
resultof the Challenge disaster.

Aftera 1 0-month cruise to Mars, the spacecraft would have
been captured into at 1 clliptical — Mars orbit w ith the
assistance of two  on- board 400 N1 rocket engines.
I ‘ollowing several additional orbital correction maneuvers, a
neay circular, frozen, sunsynchironous, polar orbit of 2 hours
period A\ ould be  established from which mapping
obscrvations would be condu cted for onc Martian year (two
}arth yeaws). Science instruments were body fixed to the
spacecralt and pointed at the nadir. 1 Jata was to be recorded
continuously from the instruments and played back o larth
once cactr day through a 34 meter tracking station of
NASA’'s Decep Space Network.  Small periodic mancuvers



would be required to maintain the orbit parameters, Orhital
altitude was to be about 375 km.

2. PROGRAMMATIC BACKGROURND

A number of basic assumptions characterized the technica!
and programmatic development approach of the projca, I'he
science instruments were to have been simple andinhciited
from previous m issions; the science investigators weie to
have been experienced; the spacecrafl was to havebeciar
earth orbital crafl taken off a current production li! e with
simple modifications; there would be maximumniuse of
industrial contractor inheritance such as hardwai ¢, potsonnel,
procedures and product assurance; the spacecrafl scledtion
would be made bc.fore the science instrumentsclectio 10
bound and define their interfaces; and theic wouldl x
continuing stable funding, provided in the nalionalbudget
for the Observer Program.

However, every one of these basic assumpt ions was violited
sometime during the project life cycle. The scicnee paytosd
was augmented with an imaging system afle theinitial
payload selection which used up all of thespucecafl's
resource margins, there were no high heiilage seiinee
instruments available and the quality standards for the
chosen instruments was raised; there were seveial fust tine
science investigators selected; the design of the cotnroeicial
production line spacecraft had to be modificd to supporithe
more complex payload and to improve its reliability, this
violating the inhcritance; the science insti wmicnts wev
selected before the spaccerafl; Mars Observer becare the
only Observer mission; and the funding was notstablead
was reduced significantly following the Challengei disasic

The project start was at the beginning of fiscal yes | 985
(October 1984). The spacecraft contractor selectionwis
delayed by nearly a year as the result of a sclcction process
protest. The launch was dlipped two years in the surm of
1987 as a result of the Challenger disaster. The decisionto
use the Titan launch vehicle was made in thelallof 1988
after maintaining dual (titan and Shuttle) launch velicle
compatibility for over ayear.

Two additional changes were made in the scichee paytiva
A mapping spectrometer was removed ot prog ranin atic
reasons, and a laser altimeter was substituted for the
original, and more complex, radar altimeter.

‘I"'here was a complex management structur ¢ 1equireio
implement the project. JPI. managed the projectioiN/ASA,
and was responsible for mission design, acquisition o the
science instruments, and for direction of flight opciations.,
‘I-hc launch services were managed through three oithe
NASA centers. The spacecraft was procured by 11°1.ona
fixed price contract, with on-orbit award fcc provisions, lvom
RCA Ast ro Space (which was subsequently purchase.iby
General Electric and then Martin Marietta).

3.SPACHCRAFT DINCR1PI’1ON

The Mats observer spacecraft was based on the electrical
architecture of the RCA-Astro built Defense Meteorological
Sat cl lite Program spacect aft, the mechanical structure of the
RCA Satcom bus, and the propulsion of the A2100 orbital
positioning stage. The spacecraft was built to NASA class
A standards. ltwas not to have single point failure
locations except as  specifically approved duc to their
inherently low risk (1nost mechanical items, antennas,
propulsion system plu robing). The craft's main body was
shapedlike a box (1.1 x2.2x 1.6 meters). With its fuel,
the spacecraft aud its science instrument payload weighed
2.5kilograms at launch. The spacecraft was built for a
three year lifetime and was equipped with onc large solar
array, consist ing of six (1 83x 219 x 9 centimeter) solar
pancls, for ¢lectrical power production.

At launch, the spacecraft's main communications antenna,
two instrument booms at Id solar array were folded close the
bus structure. During the Earth to Mars cruise phase of the
mission the instrument booms were partially extended, and
part of’ the solar arrays were opened. After the spacecrafl was
in Mars orbit, the solararrays would have been fully opened,
and the instrument booms would have been fully extended,
‘The main 1.5 meter communications antenna would have
beet 11aised onits 5.3 meter boom and automatically tracked
tile 1 :arih. The solar arrays would have automatically tracked
the sun. The spacecrafl would be operated semi-
autonomously by an o1 t-board computer which had a hot
backup. Communicat ions were at X-band for both up and
down links.  Three tape rccorders stored science and
enginecring data duting tm-tracked periods,

‘I'he propulsion system was required to provide velocity
changes for the Farth to Mars trgectory and Mars orbital
correction mancuvers, for Mars orbit insertion, and for
unloadi ng moment umin reaction wheels that were used for
attitude control. It was really two systems - a bipropellant
systein for the large velocity maneuvers with fuel and
ox id izerstorage in two large tanks in the central cylinder of
the craft, and hydrazine stored in two smaller tanks for the
redundant lower force thrusters. The bipropellant system
was opcratedin a blow clown mode for the Earth to Mars
pori ion of the mission to remove any concern for pressure
regulator leakage.

4. IN-FLIGHT E XPERIENCES

During the cruise pottion of the Mars Observer mission, the
spacect aft operated wel 1. Flight operat ions were plagued for
atime by asoftware crror in a routine that processed attitude
informathon from the1 eference stars which caused unexpected
loss of inertial references.  “1 he spacecrafl conducted an
successful experiment in Ka-band communications, and




participated in asearch for gravity waves. ‘1 he scieiice
payload was checked out and some sciciee instiument
calibration activities were conducted.  One image of Mins
was taken about 30 clays away from the planct

S. THE FAILURE

On August 22, 1993, at 00:54 U-1'C, no downlink was
received from following an planned power ofi-pciiod ofthe
spacecraft’s transmitter during which the spacccrafi’shi
propellant system w a s being pressut ized Na
communicant ions have ever been establishedwi thilic
spacecrafl since. The spacecrafl was perform ing nonally
before the t ransmitter was turned off.

As a development cost savings, the traveling wave lube
amplifiers in the spacecraft’s transmitter Were notqualificd
to be operating with the environmental shockimpuric.by
the pyrotechnic operated valves in the pressurantsys e,
Thus, the on-board programmed sequence o open the
pressurant valves first turned off the amplificis, fircéthe
primary valve and its backup valve, and theiwouldlave
turned the transmitter back on.  This sequence was in the
primary computer and in its hot backup computer.

The pressurization event was to have been perforined carjvin
the mission (about 30 days afier launch) inthe original
design, but information provided aboutsix mounths Ix forc
launch indicated a potential for the pressure regulatonto teak
and over pressurized the tanks when they weicful 1. The
decision was made to avoid this potential probleniby i -ing
theinitial pressurc in the tanks to blow the fuel and oxidizes
out (blow-down mode) fo: the first threc uses of the sys:en
before the large Mars orbit insertion mancuverseguined
additional pressurant to move the large amount of
propellants needed.  ‘Jbus, the pressurizat ion everitwas
replanned to occur just three days before the Mal ~ o:bit
insertion.

The flight operations (cam continued to systcimaticilly
execute cot rect ional and diagnost ic commanding seguences
to reestabl ish communicat ions. ATl atiempts waoe
unsuccessful. Since thc Mars orbit insertion sequcnces, i
preprogrammed and was act ive in the spacecrafl’s conputars,
there was hope that the spacecrafl, without its transmiticr o,
would successfully go into orbit. An attempt was naadc by
radio astronomy telescopes to hear the low power bra. on
from the on-board Mars Balloon Relay systeiny, butthis
cffort was without success.  The Deep Space ne fwork
continued to track the apparent position of the spacecrafi
(both at its position in Mars orbit and at its position il it
flew by Mars without going into orbit) for threcmontis,
also without success.

6. THE FAILURE REVIEW BOARDS

Three failure review boards were established within days of
the failure. Onec was chartered by NASA 1leadquarters.
Anothei was chartered by JPL.. And athird was chartered by
the spacecraft’s manufacturer, Martin Marietta, A fourth
act ivity at JP1. conducted a design validation audit of the
spaceciafl,

No conclusive cause for the failure was established by any of
the thrce review boards.  However, all three arrived at
essentially the same set of potential causes, The NASA
Board concluded that the spacecraft design was generally
sound,

It was further suggested by the NASA Board (Coffey, eral.,
1993) thatalthough the result was a very capable spacecraft,
the organizational and procedural “systcrn” that developed
Mars Observer failed in several areas. In particular, the
syst ern fai led to reactproperly to a program that had changed
radically from the program that was originally envisioned,
1’00 much reliance was placed on the heritage of spacecraft
hardwan ¢, sofiware, rind procedures, especialy since the Mars
Obset ver mission was fundamentally different from the
m ission of the satellites from which the heritage was
derived

‘The most probable cause for the failure suggested by the
NASA Bard was a breach in the pressurant system caused by
arcaction of condenscd fuel and oxidizer vapors, where they
shouldn’t have been, forced together by the pressurant as the
tanks were being pressurized. it was postulated that the
propellant vapors diftfused backwards through a set of check
valves and then condensed because the pressurant plumbing
was colder than the tanks.  The pressurant and propellants
weic then spewed from the open line, spinning up the
spaceerafl to a rate that could not have been controlled,
corrading electrical lines and connectors, and braking off the
spacecrafi’s booms (iricluding the main communications
antenna and, perhaps, the solar stray).

Other causes suggested included an electrical power system
faihme resulting from a1cgulated power bus short circuit, a
pressineregulator failmeresulting in tank over-pressurizat ion
and r uptwe, or the gection of a NASA Standard initiator at
high velocity fiom a pyrotechnically operated valve that
punctured the fucl tank ot caused severe damage to some
other spacecraft systen.

In addition, the JP1. Board (Stephenson, et al., 1993)
suggested that other credible causes of the faiture could be
related to the loss of spaceerafl computation function in a
way that could not have corrected by ground commands, or
the loss of both transmitters due to failure of an electronic
part,



7. TH1E PRIMARY LESSONS LE ARNED

A number of lessons have been learned by the plaictiy

spacecraft community as a result of the tragedy of thclossof

Mars Observer. They span the functions of progianinatic
management, to spacecrafl design, to flight operat ional
procedures:

e Don’t use systems in environments for which they heve
not been previously qualified or tested.

* Provide appropriate isolat ion between fucland oxil iz
in long term missions,

e Provide for post-assembly cleanliness vctificationad
proper functioning of propellant pressurizstionsystoi..

e Maintain proper thermal gradients between elcumicnis of

the propulsion system.

s Maintain attitude control during critical events.

o Provide f 0 g top-down approach to fault pyotes o
requirements, implementation and validation.

e Maintain insight into the system operationsduring,
critical or first time activities by maintaining downlirll,
telemetry.

¢ Be vigilant of expendable resources duting timc- of
crisis (in the case of Mars Obscrver, it was ba'iciy
charge.).

e The discipline and documentation cultur¢ associated
with, and appropriate for, commercial pt oductionline
spacecrafl is basically incompatible with the discipline
and documentation rcquired for a oneof-a-bind
spacecraft designed for a complex mission.

s  Penetrate the fault tolerant design of cent 1 ol funiction s to
assure that critical redundancy cannot bedisahledlye
single part failure.

e Assure accurate as-built and as-flown documcntation

e Assess programmatic and technical risk constaith
during the project’s life cycle, especially \hen
conditions and/or assumptions change, and takejronipl,
appropriate, action.

8.“1T'11E NASA ACH 10N PLAN

Over three hundred individual findings concetning, 111,
programmatic  management,  technical  dusign  and
implementat ion of the Mars Obscrver space.cnifi and o
were identi fied during the failure review process.  Thse
findings were cataloged and assessed by the Ma i’ (Obscive

Project Oftice at JPLand by the Solar System Exploration
Division of the Oflice of Space Scienceat NA SA
Headquarters. Together, a set of twelve principal
recommendat ions, grouped as technical, programmatic and
strateg ic, were madc to apply the lessons learned from the
Mars Observer failure to current and future NASA projects
(Kicza, 1994). Thesc actions were assigned to the NASA
Chief | ‘ngineci, to the sponsoring) program offices at NASA,
and to the NASA Office of Safety and Mission Assurance
who al | took aggressive action in response to the Mars
Observer failur ¢ to assure theit commitment to continuous
improvement.  “1 heyin tur n assured that appropriate
mechanisms were established and maintained to provide for
Agency-wide dissemination of the lessons learned, with a
commitmentat all levels to implement timely corrective
actions in affected arcas. The lessons learned are reflected in
NASA’s l.essons 1 earned Information System and in the
intcragency Automated Lessons Learned database, and the
summarized findings have been distributed to NASA and the
aerospace industry safety, reliability and quality assurance
communitics.

From aprograntmatic standpoint, emphasis has been placed
on institutionalizing. NASA’S review process. An agency
level Program Managament Council has been  established
withanassociated 1eview process that assures project are
appropt iately structured at initiation;  that changes are
appropriately reacted toin terms of required modifications to
mission  scope,  schedule, management  approach and
allocation of resources; and that early and continued
emphasis on risk identification, assessment and management
arc made.

Strategically, future missions will adopt distributed risk
strategics withresilicnee to failure of any single segment
during launch, cruise and operations.

8.17 echnical Actions

Spaceeraft Heritage.  over-reliance or inappropriate reliance
on hetitage is to beavoid. A NASA policy will address this
issue and require inhcerited designs and procedures to be
reviewed with appropriate vigor. It is being implemented by
the NASA Chief 1 ingincer and the sponsoring program
offices.

Propulsion System Standards and Testing. At issue is the
propcllant migration process, fuel and oxidizer cleanliness
and acccptance test processes.  An expert group has been
charicied to address these issues under the sponsorship of the
NASA Office of Safety and Mission Assurance,

Pyrotechnic Actuated Systems Standards and Testing. The
identified issues of pyro initiator and pyro valve thread
crosionand pyro shock damage arc being addressed by a
specialy chariered group of experts by the NASA OfTice of
Safety aud Mission Assurance,



Telemetry Ut ilization.  Direction has been pponvide d  to
establish flight rules and attendant procedures forcontin 1111 s
telemetry during critical events, and telemetry utilizationand
recording for problem resolut ion by sponsoring proprin
ofTices.

Software Development L’ractices.  Sponsor progtam ¢!l cs
are directing current projects to make sofiwaicinvestinents
commensurate with mission costs and complexity and to
provide adherence to sound soflware development practices.

Reliability and Fault Protection. Emphasis onc e d i, al
evaluation, implementat ion, validation and risk assgssinant
of single point failure and autonomous fault piote.tion
systems is being directed by sponsoring progiramofies

Project level System Engineering. Project level sys eris
enginecring, to provide for pt gect level tradcofis, verification
and validation, and identification of correctiveactionsis
being required by sponsoring program offices.

Operations /’ractices.  Lmphasis i s being placed on
establishing spacecraft-savvy operat ions teamsarnidt!ac
establishment of time critical contingency plans thrownsh
training and the development of operations plins a
procedure modifications as directed by thesponsoring,
program offices.

Manufacturing and inspection. The NASA Office of Sufesy
and Mission Assurance is calling, for contractor au.dits,
internal review of quality plans, and the revicw of ¢rvic
design review criteria to assure smooth transitioninta t} w
manufacturing phase in addressing the issues of a« | il
documentation, workmanship and quality contiol ol
spacecrafl,

6'.2 Programmatic Actions

Program/Project Manager Development. Assur ing, t raiiing
programs, management career paths of increa.ing
responsibility and authority by sponsoring program oficc
and the Pt ogtan~/Project Management Steering Giroupwiin
assure qualified personnel to  fill  prograni’proicg
management roles.

Acquisition Strategy. Periodic review and reassessusent of
contractual vehicles by sponsoring program oft iccs. al ong
with the utilization of performance assessmenttonlsand
methodologies  will avoid inappropriatc  contracting
strategies,

Lessons Learned. Agency-wide dissemination of I¢ssons
learned is being implemented. The NASA Officcof Salcty
and Mission Assurance will perform audits (o as.oe
conformity to corrective action implementation. TPolicies,
proccdurcs, NASA Managcinent Instructions and NASA
Handbooks will updated to reflect the lessons learned

8.3 Sir ategtic Actions

Distribution of Risk. A re-evauation of current missions
andstrategies \\ras made to confirm appropriate distribution
of 1isk to avoid sole 1cliance on single, elements to fulfill
strateg ic objectives.  Sponsoring program offices are to
adopt (distributed risk strategies.

9. APPLICATION OF THE MARS OBSERVER
ILESSONS TOVFUTURE MARS MISSIONS

NASA implemented arapid recovery from the failure of
Mars Observer through the establishment of the Mars
Suiveyor Programwith a series of multiple, low cost
missiolisto Mars at each opportunit y over the next decade.
A primcingredient, in the formulation of this program and
the spacectafl development and flight operat ions that
implement it, is the strict incorporation of the lessons
lcatited from Mais Observer rnd the directions of the NA SA
ActionPlanas discussed above.

The first of the Surveyor missions is Mars Global Surveyor
to be launched in November 1996, ‘I'his spacecrafl, while
much smaller than the Mars Observer spacecraft, is
constructed with the residual electronics from Mars
Obsciver. T hese clectronics have been  appropriately
retrofitted to eliminate the deficiencies identified by the
Mats Observer failiie investigations.  The propulsion
systemis new, however, and incorporates all the lessons
discussed above. Because of the small size of the spacecraft,
dictated by thc usc of the Delta 1l launch vehicle,
acrobrak ing will be used to put the spacecraft in its mapping
orbit at Mars. For the same reasons, only part of the Mars
Observe] science instrument payload can be accommodated.
"The two heavies instiaments are being assigned to two future
launch opportunities in older to strategically distribute the
risk of loss of science data. Combinations of orbiters and
landers to carry a varied science suite also distribute the risk
of missionteturn across the miission sct,

Project level system engincering, formalized risk assessment
cvaluations that corclate potential risks with financial
reseives, cost plus performance award contracting and
significant partnering, w ith the spacecraft industrial contractor
arc other hallmarks of Mars Global Surveyor that arc direct
results of the Mars Observer lessons.  These processes are
also being carticd for ward to the future Mars Surveyor
missions in the 1998 and 2001 launch opportunities.

With the mandate of a $100M-$120M pcr year cost profile
to fund all aspects of the Surveyor missions, a strict cost
driven paradigm is being applied.  This prevents mission
performance from growing at the expense of programmatic
risk.  Spacecrall a-c being developed as special purpose
vehicles, with the at tendant specialized care required, rather
than as production line items




A common mission operations system is being establishied
to operate all of the Surveyor mission in-flight as wellusto
provide a common ground data system 10 also beusedion
spacecrafl system test. A scheme of shar ing porsonnel
between development act ivit its, spacecraft testandd fii{, ht
operations will ensure to highest trained individuale  ac
available for critical activities. Procedural developmen and
fight rules will be guided by the Mars Obscrverlessoncand
experience.

10. (ONC1,USIONS

Although the failure of the Mars Observer spocect afiwasa
tragic loss for the Mars planetary scicnce community and
NASA, itrevealed a strategy flaw and a number ofdesiyr
and implementation practices and procedures that, w hilant
necessarily contributing to Mars Observer’'s failure, nedid
to be corrected in order that mission risk be decrcascd

NASA, JPL and the spaceerafl development community
have responded vigorously to the re-establislunent 01 (i
Mars exploration program and arc using the  les.ons
discussed herein to avoid another mission trapedy likctin
failure of Mats Observer.
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